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4 h only the bases xanthine, hypoxanthine and uracil remained. DNA was similarly, but more slowly, degraded with appreciable amounts of oligo-and mononucleotides surviving after 4 h together with the bases xanthine, hypoxanthine, uracil and thymine. Degradation patterns were similar irrespective of the diet of the animals from which the rumen digesta was obtained. Generally, similar results were reported for RNA and DNA breakdown in vitro in rumen contents from buffalo bulls (Sinha & Dutta, 1980 ) although these authors found that DNA degraded more rapidly and completely than RNA. Differences between animals in the modes of action of rumen nucleases will, to some extent, reflect different mixed microbial populations in the rumens of these animals. An attempt was made to elucidate the metabolic pathways of nucleic acid degradation in the rumen by studying the degradation of nucleotides, nucleosides and bases incubated anaerobically with rumen contents (McAllan & Smith, 19733) . It was concluded that degradation to the free bases was always accompanied by deamination of those bases that carried a side amino group. For adenine it appeared that this occurred at the nucleoside stage and resulted in the final liberation of hypoxanthine. Guanine was first liberated and then deaminated to xanthine. Cytosine was converted to uracil, most probably at the nucleotide or nucleoside stage. The free bases detected in the rumen contents (xanthine, hypoxanthine, uracil and thymine) appeared to be more resistant in vitro than in vivo (McAllan & Smith, 1973a; 19736) but whether this was a result of the bases being more efficiently utilized by bacteria in vivo or to their being absorbed across or metabolized in the rumen wall is not known. Xanthine, hypoxanthine, uracil and thymine have also been shown to be resistant to breakdown by suspensions of washed rumen bacteria (Jurtshuk et al. 1958) .
No detailed studies of the enzymes involved in these processes in the rumen have been published. Enzymes capable of degrading both RNA and DNA have been isolated from many species of non-rumen bacteria and details of modes of action and specificities of some have been published (Cantoni & Davies, 1966) . Ribonuclease activity has been reported in rumen contents and the muscosal wall of cattle (Germanyuk, 1964 It is obvious that free nucleic acids and derivatives entering the rumen are rapidly degraded and would not contribute to the large amounts of nucleic acids entering the duodenum. However, little direct evidence exists on the fate of ingested dietary nucleic acids which may be protected by association with other resistant cell structures. Appreciable amounts of the nucleic acids in hay were released and degraded fairly rapidly on incubation with rumen contents (McAllan & Smith, 1 9 7 3~) .
Supporting the idea that dietary nucleic acids are released and degraded in the rumen, it has been found that RNA:DNA in the rumen digesta The fate ofnucleic acid breakdownproducts in the rumen The fate of the end-products of nucleic acid catabolism in the rumen is to a large extent as yet undetermined. Soluble sugars are generally attacked rapidly in the rumen and, although not directly shown, it seems certain that ribose and deoxyribose will be degraded rapidly on release from nucleic acids (Jarvis, 1968) . Entodiniomorphid protozoa can incorporate bases (except thymine), nucleosides and nucleotides into their nucleic acids (Coleman, 1979) . Some pure cultures of bacteria have been shown to incorporate thymidine into their nucleic acids (Jarvis, 1968) but no other information is available on the possible salvage of nucleosides in the rumen. The uptake of intact adenine, guanine and uracil has been shown by both rumen protozoa and bacteria in vitro (Coleman, 1968 (Coleman, , 1972 Thornsberry & Wiseman, 1960) . Uric acid, commonly added to ruminant diets as a non-protein nitrogen source, is degraded via allantoin to glyoxylate and urea before conversion to ammonia (Thornsberry & Wiseman, 1960) .
Origins of microbial nucleic acids
The nucleic acid contents of bacteria may vary widely for a variety of reasons (Herbert, 1961) and it has been reported that for isolated pure strains of rumen bacteria grown in vitro, RNA :protein increased with increasing growth rate (Bergen et al. 1982) . However, it appears that mixed rumen bacteria in vivo grow at some depressed growth rate approaching that of the in vitro stationarytransitory phase batch culture preparations (Bergen et al. 1982) . Evidence for a slow, steady growth rate of mixed rumen bacteria is found in the small variations observed in their RNA-N:total-N values. For mixed bacteria taken a few hours after giving concentrate/roughage diets to faunated sheep, cows or steers, values for RNA-N:total-N of 0~0 5 5 -0~1 0 9
have been reported with the majority of values between 0.065 and 0.085 (McAllan & Smith, 1971 ; Smith & McAllan, 1974; Czerkawski, 1976; McMeniman, 1975 ; Ling & Buttery, 1978) . Values were lower (by approximately 20%;) about 16 h after a feed and higher (by approximately 30%) in animals lacking protozoa (Smith & McAllan, 1974) . DNA-N contents of mixed bacteria populations showed greater variation than RNA-N from one population to another. They also showed greater variations between different pure strains of rumen bacteria (Smith, 1969) . In one group of experiments for nine samples of mixed bacteria from the rumens of three steers, mean values for RNA-N:total-N with standard errors were o.077+0.002 and for DNA-N:total-N were 0~056~0~005 (Smith & McAllan, 1974) . For any one population, however, DNA-N showed less diurnal variation than RNA-N and the effect of the presence or absence of protozoa was less (Smith & McAllan, 1974) . Both RNA-N:total-N and DNA-N:total-N tended to increase with decreasing amounts of nitrogenous nutrients in rumen contents (McAllan & Smith, 1971) .
It is apparent that total amounts of RNA and DNA synthesized in the rumen depend largely upon the amounts of bacterial growth and this is determined by a number of factors. It is unlikely that rumen bacteria would incorporate nucleotides directly (Van Nevel & Demeyer, 1977) and although, as has been mentioned earlier, they may use preformed bases and nucleosides if these are available, it is probable that the majority of bacterial nucleic acid components are synthesized de novo like those in many non-rumen bacteria (Megasnik, 1962) . When ISN-labelled ammonia was added to the rumens of steers, ''N enrichment of all the nucleic acid bases (except thymine) rose steadily during the day and reached a peak about 10 h after the introduction of the label. Adenine was always more highly enriched than guanine, and cytosine more highly enriched than thymine (Blake, 1980) confirming ki.dwn metabolic pathways found in non-rumen bacteria (Megasnik, I 
962).
Ciliate protozoa, in general, are unable to synthesize purines or pyrimidines (Jaffe & Gutteridge, 1974) or ribose (Coleman, 1968) . Rumen protozoa can, however, incorporate free adenine, guanine and uracil into their nucleic acids. They have a limited ability to convert adenine to guanine but a greater ability to convert uracil to cytosine (Coleman, 1979) . It is probable that rumen protozoal nucleic acids are derived mainly from bacterial nucleic acids. Less information is available on the nucleic acid content of rumell protozoa. RNA-N:total-N in rumen protozoa have been reported to be similar to (Smith, 1969; Czerkawski, 1976) and considerably lower than (Ling & Buttery, 1978; Tamminga, 1978) those found in mixed rumen bacteria.
Recycling of microbial nucleic acids in the rumen
If bacteria lack nutrients their nucleic acid components as well as protein are degraded (Nath & Koch, 1971 ). Such degradation has been shown to occur both for pure strains and for mixed rumen bacteria incubated in rumen contents, even with apparently adequate nutrients present (Jarvis, 1968; ).
From such in vitro studies it was estimated for steers given diets of flaked maize and hay that about 30% of the bacterial nucleic acid synthesized would be degraded in the rumen (Smith & McAllan, 1971; McMeniman, 1975) of which approximately 60-7070 is RNA. The majority (about 85% for young steers receiving hay and concentrate diets) is microbial in origin.
Enzymes which degrade nucleic acids are present in pancreatic secretions (Barnard, 1969) and small intestine mucosa (Nakayama et al. 1981 ) and pancreatic ribonuclease is particularly abundant in the ruminant (Barnard, 1969) . Enzymes likely to be involved in the digestion of nucleic acids in the small intestines of ruminants have been reviewed elsewhere (Armstrong & Hutton, 1975) . Enzymes secreted into the gut lumen include pancreatic ribonuclease (EC 3. I 4.22) and deoxyribonuclease (EC 3. I 4.5) which, together with phosphodiesterases (EC 3.1.4.1; EC 3.1.4.18) eventually degrade RNA and DNA to 3'-or 5'-mononucleotides. Other enzymes have been detected in small intestine tissue and probably function at the gut wall. No specific 3'-nudeotidase (EC 3.1.3.6) has been reported in ruminants but alkaline phosphatase (EC 3.1.3.1), which has been isolated from calf small intestine (Barman, 1969), can remove phosphate attached to the C-3' in single nucleotides. 5'-Nucleotidase (EC 3.1.3.5) activity has been detected in calf small intestine tissue (Centar & Behal, 1966) and catalyses the hydrolysis of a number of phosphate esters. No nucleoside-cleaving enzymes have been reported in ruminant intestinal tissue. Calf small intestine is a rich source of adenosine deaminase (EC 3.5.4.4) (Barman, 1969) and indirect evidence also exists for the presence of cytidine deaminase (EC 3.5.4.5) (Christman, 1952) . Little or no xanthine oxidase (EC 1.2.3.2) could be found in sheep or goat intestine (Morgan, 1926 ; Al-Khalidi & Chaglassian, 1965) but appreciable amounts were present in bovine small intestine (Al-Khalidi & Chaglassian, 1965). Hypoxanthine oxidase (EC 1.2.3.2) has also been reported in bovine small intestine (Roussos, 1963) .
Net digestibilities of the largely microbially-derived nucleic acids between the proximal duodenum and distal ileum of sheep and young steers were about True digestibilities are presumably rather higher than these because some nucleic acid must be added by sloughed cells (or secretions). McAllan (1980) calculated that at least 977, of the free nucleic acids infused into the small intestine of steers were degraded. In sheep and young steers most of the RXA and DNA entering the proximal duodenum disappeared in the first 25% of the small intestine (Jackson et al. 1976; McAllan, 1980) . In the steers the nucleic acid degradation was accompanied by the transient appearance of adenosine, guanosine and pyrimidine nucleosides (McAllan, 1980) . In other experiments with young steers it was shown that of the nucleic acid derivatives infused into the small intestine, adenine, guanine and uracil were completely removed, thymine and xanthine to approximately 80 and 95% and hypoxanthine and cytosine to only 5 1 and 48% respectively (McAllan, 1980) . The apparent resistance of cytosine to catabolism in the small intestine has also been reported in sheep (Jackson et al. 1976 ). The nucleosides adenosine and cytidine were also completely removed but were replaced in part by the catabolic products inosine plus hypoxanthine, or cytosine respectively. Other nucleosides were removed to approximately half the extent of the corresponding bases (McAllan, 1980) . Adenine and uracil were also shown to be completely absorbed from the small intestines of lambs (Condon et al. 1970; Condon, 1971) . It is possible that the conversion of nucleoside to base is a rate-limiting step. Active uptake of some purines and pyrimidines by sheep and lamb jejunal mucosa has been reported (Scharrer & Amann, I 979, I 980) . Hypoxanthine, adenosine, uracil and thymine appear to compete for a common carrier mechanism and uracil uptake was higher in the midthan in the proximal jejunum (Scharrer & Amann, 1979) .
It is known that nitrogen compounds leaving the ileum are attacked by bacteria in the large intestine and it is probable that residual amounts of nucleic acids entering the large intestine are degraded in this way. At the same time bacterial growth in the large intestine is responsible for nucleic acid synthesis and as a net effect one would expect the amounts of nucleic acids to increase in the large intestine. This was found in sheep receiving semi-purified diets (Ellis 8z Bleichner, 1969) but not in sheep receiving forage diets (Coehlo da Silva, Seeley, Beever et al. 1972; Coehlo da Silva, Seeley, Thomson et al. 1972). The extent of any bacterial nucleic acid synthesis in the large intestine will depend to a major extent on the energy available. RNA excretion in the faeces of sheep increased when the animals were given starch infusions into the caecum (Mason et al. 
1977).
Metabolism of absorbed nucleic acid components and excretion of end-products Levels of purine nucleotides in sheep blrjd are similar to those found in other mammals with the main component being adenosine triphosphate (ATP) (Brown et al. 1972) . This component, the concentration of which is unlikely to be related to the absorption of nucleic acid components from the gut, is also present in bovine blood but in smaller amounts (Baird, 1966) . Bovine blood, however, contains appreciable amounts of uric acid riboside (Smith & Stricker, 1975 , 1976 which is confined to the erythrocytes (Newton & Davis, 1922) . Concentrations of uric acid riboside in bovine blood are considerably greater than the average levels of free uric acid. This intracellular conversion may be a means of solubilizing uric acid for transport from tissues to kidneys, or it may be involved in the mechanism for transporting uric acid across cell membranes. Foetal bovine blood contains no uric acid riboside and other nucleotide levels are higher than in adult animals (Smith & Stricker, 1976) . Levels of uric acid riboside increase and other nucleotide levels decrease with age, all reaching stable adult values after three months (Smith Vol. 41 New protein sources and nucleic acid metabolism amounts directly related to the nucleic acid concentrations in the rumen and to allantoin and uric acid levels in urine (Kaplan & Pobirsky, 1974) . Infusions of purine bases into the duodenum of steers resulted in related increases in plasma. levels of allantoin (McAllan, 1980) . When steers are fasted their plasma allantoin and uric acid levels fall (Kaplan & Pobirsky, 1974) . Glyoxylic acid, a breakdown product of allantoin, occurs in the serum of cattle and sheep in similar concentrations to those found in other mammals (Van der Horst, 1960) .
Few studies of enzymes concerned with nucleic acid metabolism have been made in the ruminant (Morgan, 1926; Al-Khalidi & Chaglassian, 1965) . Apart from the fact that the bovine contains appreciable amounts of xanthine oxidase in blood, spleen, liver, kidney and intestines, whereas in other animals the enzyme is mainly confined to the liver (Morgan, 1926; Al-Khalidi & Chaglassian, 1965) , there appear to be no major differences, but little comparative work has been done.
There is evidence that some nucleic acid components absorbed from the gut of the animal may be incorporated directly into the animal's nucleic acids. Thus infusions of I4C-labelled RNA, adenine and guanine into the abomasums of lambs resulted in 10% of the radioactivity appearing in tissue nucleic acids (Condon et al. 1970; Condon, 1971) . In other experiments, tissue samples from sheep slaughtered 24 h after bacteria, labelled with I4C in their nucleic acid adenine and guanine, had been infused into the rumen, all contained radioactive nucleic acids (Smith et al. 1974) . The highest levels of activity were found in the liver, kidney, spleen and blood. The radioactivity was present only in adenine and guanine, showing direct incorporation rather than degradation and resynthesis.
Approximately 570 of the bacterial nucleic acids were incorporated into liver, kidney and spleen and it was calculated that muscle would contain a further 20%. Further evidence for the salvage of bacterial nucleic acids is supplied by the work of Razzaque et al. (1981) who found that 48 h after injecting rumen bacteria with 8-I4C-labelled adenine into the rumen of lambs, approximately 47% of the absorbed activity was found in the tissues. The highest levels of activity were found in the liver, thymus and pancreas. However, most absorbed nucleic acid components are catabolized and, in most mammals, although a variety of intermediate products may be excreted, the principal nitrogenous end-products are urea from pyrimidines and uric acid and allantoin from purines.
In the ruminant the excretion of allantoin is strongly correlated with the concentrations of nucleic acids in the rumen contents (Topps & Vercoe, 1976) , presumably because of variations in microbial nucleic acid synthesis. Short-term heat exposure has also been shown to increase the endogenous part of the urinary excreted allantoin in calves (El Fouly & Kamal, 1979) . It is of interest that in the deer and to a lesser extent in the sheep, appreciable amounts of hypoxanthine and xanthine are excreted in the urine as at https://www.cambridge.org/core/terms. https://doi.org/10.1079/PNS19820046 Downloaded from https://www.cambridge.org/core. IP address: 54.70.40.11, on 01 Jan 2018 at 11:07:41, subject to the Cambridge Core terms of use, available I 982 3'6 well as allantoin (Razzaque et al. 1973) . Glyoxylic acid is present in cow and sheep urine in appreciably greater amounts than it is in non-ruminant urine (Van der Horst, 1960; Aafjes, 1963) .
